The coherent generation of light, from masers to lasers, relies upon the specific structure of the individual emitters that lead to gain. Devices operating as lasers in the few-emitter limit provide opportunities for understanding quantum coherent phenomena, from terahertz sources to quantum communication. Here we demonstrate a maser that is driven by single-electron tunneling events. Semiconductor double quantum dots (DQDs) serve as a gain medium and are placed inside a high-quality factor microwave cavity. We verify maser action by comparing the statistics of the emitted microwave field above and below the maser threshold.
A conventional laser uses an ensemble of atoms that are pumped into the excited state to achieve population inversion (1, 2) . Enabled by advances in semiconductor device technology, semiconductor lasers quickly evolved from p-i-n junctions (3, 4) , to quantum well structures (5) and quantum cascade lasers (QCLs) (6) . In QCLs, an electrical bias is applied across exquisitely engineered multiple quantum well structures, resulting in cascaded intraband transitions between confined two-dimensional electronic states that lead to photon emission (7) . However, QCL emission frequencies are set by heterostructure growth profiles and cannot be easily tuned in situ. At the same time, in atomic physics, researchers demonstrated a single-atom maser, where atoms prepared in the excited state transit through a microwave cavity for a precisely controlled period of time, such that the atom "swaps" its excitation to the microwave cavity, generating a large photon field (8) . These early experiments were extended to a single atom trapped in a high-finesse optical cavity (9) , as well as condensedmatter systems, where artificial atoms were strongly coupled to cavities (10) (11) (12) (13) (14) .
Here we demonstrate a maser that is driven by single-electron tunneling events. The gain me-dium consists of semiconductor double quantum dots (DQDs) that support zero-dimensional electronic states (15) . Electronic tunneling through the DQDs generates photons that are coupled to a cavity mode (16) . In contrast to optically pumped systems, population inversion is generated in the DQD system through the application of a bias voltage that results in sequential single-electron tunneling.
The maser consists of two semiconductor DQDs (referred to as the left DQD and right DQD, Fig. 1 ), which are electric-dipole coupled to a microwave cavity. The cavity is formed from a half-wavelength (l/2) superconducting Nb transmission line resonator with a center frequency f c = 7880.55 MHz and a loaded quality factor Q c ≈ 3000 (17, 18) . Two lithographically defined InAs nanowire DQDs serve as the maser gain medium (16, 19) . Each DQD is fabricated by placing a single InAs nanowire over five Ti/Au bottom gate electrodes ( Fig. 1C) (20, 21) . The bottom gates create a tunable DQD confinement potential in the nanowire (21) . Electrostatically defined DQDs, often regarded as artificial molecules (15) , are a unique gain medium. They are fully reconfigurable, with electronic transitions that can be tuned from gigahertz to terahertz frequencies.
A source-drain bias voltage V SD = 2 mV is applied across the DQDs to drive a current. The energy levels of each DQD can be separately tuned and are described by the left (right) DQD detuning e L (e R ). Current will flow in a nanowire DQD through a series of downhill (in energy) single-electron tunneling events (see level diagrams in Fig. 1B ). In contrast with quantum well structures, current results from single-electron tun-neling events between electrically tunable zerodimensional states in the DQD (15, 22) . Electron tunneling results in microwave gain, which is accessed by measuring the transmission through the cavity (16) .
To measure the gain, the cavity is driven with a coherent field at frequency f in = f c with a power P in . Measurements of the output power P out yield the power gain G = CP out /P in , where C is a normalization constant set such that G = 1 when both DQDs are in Coulomb blockade (no current flow) (16, 23) . With V SD = 0, charge dynamics within the DQD result in an effective microwave admittance that damps the electromagnetic field inside the cavity, yielding G < 1 (18, 24, 25) . Application of a source-drain bias that drives sequential tunneling through the DQD can lead to gain in the cavity transmission, G > 1 (16) . In Fig. 1D , we plot G as a function of e L for V SD = 2 mV and f in = f c . For downhill electron tunneling (e L > 0), we measure a maximum gain G ≈ 7 (23). In contrast, for e L < 0, the left DQD can absorb a photon from the cavity, leading to loss G ≈ 0.2 (18, 25) . These data are acquired with the right DQD configured in Coulomb blockade such that the current is zero (15) . For simplicity, we refer to a DQD as "on" when its detuning is set to achieve maximum gain and "off" when the DQD is configured in Coulomb blockade with G = 1.
We investigate the cavity response by measuring G as a function of f in with P in = -120 dBm (Fig. 2) . The black curve is the "cold cavity transmission" obtained with both DQDs configured in the off state, where the maximum G = 1. Here the gain curve is a Lorentzian with a width set by the cavity decay rate k/2p = 2.6 MHz. When e L is set to the gain peak shown in Fig. 1D , we observe a maximum G ≈ 16 at f in = 7880.30 MHz. Similarly, with the right DQD on and the left DQD off, we observe a maximum G ≈ 6 at f in = 7880.41 MHz. In both configurations, the observed gain rate is too small to reach the maser threshold. In contrast, the red curve in Fig. 2 shows the gain curve with both DQDs in the on state. Here the cavity response is sharply peaked at f in = 7880.25 MHz, yielding a maximum gain G ≈ 1000, which is much larger than the product of the individual gains.
We next examine the characteristics of the device in free-running mode (with no cavity drive tone). Figure 3 shows the power spectral density S(f) of microwave radiation emitted from the cavity in the on/on configuration. The spectrum is
sharply peaked around f = 7880.8 MHz and has a full-width at half-maximum (FWHM) D f = 34 kHz, which corresponds to a coherence time t coh = 1/pD f = 9.4 ms and a coherence length l coh = t coh c = 2.8 km, where c is the speed of light. The measured linewidth is roughly a fac-tor of 100 larger than the Schawlow-Townes prediction, but it is not uncommon for conventional semiconductor lasers to have broad emission linewidths (23, 26, 27) . Time domain measurements of t coh are shown in (23).
The most notable evidence of above-threshold maser action is obtained by comparing the statistics of the radiation emitted from the device in the off/on and on/on configurations (23). For this purpose, we have sampled the voltages of the down-converted cavity output field to heterodyne detect the in-phase and quadrature phase components I and Q with a rate of 1 MHz 
after applying a 1-MHz digital filter. We store 4 × 10 5 individual (I,Q) measurements in twodimensional histograms D(I,Q) to analyze their statistical properties. The measured IQ histogram for the off/on configuration (Fig. 4A) is centered near the origin, and the extracted photon number distribution (Fig. 4B) is consistent with a thermal source (23). In contrast, Fig. 4C shows the IQ histogram for the on/on configuration. Here the IQ histogram has a donut shape, consistent with an above-threshold maser (2) . The extracted photon number distribution is peaked around a photon number n = 8000, giving strong evidence for above-threshold behavior. The peak in the photon number distribution is well fit with a Gaussian lineshape, but its width is considerably larger than that of an ideal coherent state ffiffiffiffi N p ≈90, where N is the average photon number (23). Time domain measurements of the maser emission indicate that charge noise fluctuations, which shift the detuning of the DQD gain medium, are most likely re-sponsible for the broadening. Charge noise also occasionally shifts the system below threshold, leading to the small thermal component observed in Fig. 4D (23) .
We have demonstrated a maser whose gain medium consists of electrically tunable semiconductor DQDs. Single-electron tunneling in the DQDs provides the energy source for maser action, and a maximum power gain of 1000 is observed. Above-threshold maser action is verified by measuring the statistics of the emitted photon field. Through further improvements in the cavity quality factor (28), it may be possible to exceed the lasing threshold with a single DQD emitter. In this case, theory predicts "thresholdless lasing" (29) . Lastly, the large single-particle level spacings allow for an operation frequency that is purely set by the cavity resonance frequency. This will enable maser operation across a very wide frequency range, spanning gigagertz to terahertz frequencies, a feature that is specific to gate-defined quantum dots, where electron tunneling takes place between confined zero-dimensional electronic states. 
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